Fault bound blocks of granulite and enderbite occur within upper amphibolite-facies migmatitic tonalitic^trondhjemitic^granodioritic (TTG) gneisses of the Iisalmi block of Central Finland. These units record reworking and partial melting of different levels of the Archean crust during a major tectonothermal event at 2Á6^2Á7 Ga. Anhydrous mineral assemblages and tonalitic melts in the granulites formed as a result of hydrous phase breakdown melting reactions involving amphibole at peak metamorphic conditions of 8^11 kbar and 750^9008C. A nominally fluid-absent melting regime in the granulites is supported by the presence of carbonic fluid inclusions. The geochemical signature of light rare earth element (LREE)-depleted mafic granulites can be modelled by 10^30 wt % partial melting of an amphibolite source rock leaving a garnet-bearing residue.The degree of melting in intermediate granulites is inferred to be less than 10 wt % and was restricted by the availability of quartz. Pressure^temperature estimates for the TTG gneisses are significantly lower than for the granulites at 660^7708C and 5^6 kbar. Based on the P^Tconditions, melting of theTTG gneisses is inferred to have occurred at the wet solidus in the presence of an H 2 O-rich fluid. A hydrous mineralogy, abundant aqueous fluid inclusions and the absence of carbonic inclusions in the gneisses are in accordance with a water-fluxed melting regime. Low REE contents and strong positive Eu anomalies in most leucosomes irrespective of the host rock composition suggest that the leucosomes are not melt compositions, but represent plagioclase^quartz assemblages that crystallized early from felsic melts. Furthermore, similar plagioclase compositions in leucosomes and adjacent mesosomes are not a 'migmatite paradox' , as both record equilibration with the same melt phase percolating along grain boundaries.
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I N T RO D UC T I O N
The Archean continental crust predominantly consists of tonalite^trondhjemite^granodiorite (TTG) associations. These rocks have variable field aspects ranging from homogeneous gneisses to highly heterogeneous migmatites (Martin, 1994) as a result of post-magmatic metamorphic overprinting. There is a general consensus that TTGs represent derivatives of partially melted basaltic crust (Drummond & Defant, 1990; Martin, 1993) . However, it is still debated whether melting occurred in a subduction zone setting or at the base of thick basaltic crust (Be¤ dard, 2006a , and references therein). Tonalitic to trondhjemitic melts have been generated in a variety of melting experiments on mafic source rocks (Johnston, 1986; Beard & Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991; Sen & Dunn, 1994; Wolf & Wyllie, 1994; Patin‹ o Douce & Beard, 1995; Rapp, 1995; Springer & Seck, 1997; Sisson et al., 2005) . Experimental studies indicate that garnet, rutile and amphibole are required in the melt-depleted residue to induce the strong fractionation of the rare earth elements (REE), negative Nb^Ta anomalies and the low Nb/ Ta ratios typical of Archean TTG (Martin, 1994; Foley et al., 2002; Rapp et al., 2003; Xiong, 2006) . Lower crustal mafic granulites containing garnet and amphibole may therefore be suitable residues of TTG extraction alongside garnet-amphibolites and rutile-bearing eclogites (Rapp et al., 1991; Foley et al., 2002; Xiong, 2006) .
Reworking and partial melting of pristine TTG crust is evident in many Archean crustal sequences. Recycling of continental crust as far back as the late Archean is recorded by zircon ages and isotope data (Nd and Hf isotopes) of rocks from the Superior Province in Canada and from southern China (Whalen et al., 2002; Be¤ dard, 2006a; Zhang et al., 2006) . The discovery of inherited zircon cores in addition to Nd isotopic constraints point to a variable contribution of older crustal sources in many TTG suites and greenstone belt volcanic rocks (Stern et al., 1994; Tomlinson et al., 2003 Tomlinson et al., , 2004 Whalen et al., 2004) , thus complicating the picture of TTG genesis and of the evolution the continental crust. Recent studies by and Kemp et al. (2006) have shown that zircon crystallization ages can reflect crustal reworking rather than crustal growth. This suggests that global peaks in crustal growth at 2Á7 Ga or 1Á9 Ga (Condie, 1998) also involved reworking and remelting of older crust. Such processes are also recognized in the Archean rocks of Central Finland, where upper amphibolite-to granulitefacies metamorphism at 2Á7^2Á6 Ga reworked 3Á1 Ga continental crust.
It is generally accepted that most of the TTG crust is primitive and only slightly modified by fractional crystallization (Be¤ dard, 2006a) . However, the strong migmatitic appearance of many TTG complexes indicates that recycling and remelting in most of the high-grade Archean terrains led to internal differentiation of the TTG complexes themselves and to an addition of felsic melt to the upper crust.
The importance of crustal melting for the production of largely granitic magmas is widely accepted. However, the fluid regime during crustal melting may be diverse. The present study shows that water-fluxed melting and melting triggered by hydrous phase breakdown may have operated coevally in central Finland but that different fluid regimes were restricted to different levels of the crust.
In this study we compare and contrast petrographical, geochemical and fluid-inclusion data to constrain the conditions of crustal melting in different lithologies. Modelling of melt and residue compositions allows us to draw conclusions on the extent of melt formation. We show that granulites from central Finland are anhydrous residues formed by incongruent hydrous phase breakdown reactions in amphibolitic source rocks. There is no mineralogical evidence that the upper amphibolite-facies TTG gneisses experienced hydrous phase breakdown reactions and we suggest that melting within these rocks could have occurred only if triggered by a hydrous fluid. Thus the availability of water is considered to be the controlling factor of melt formation reactions in different crustal levels.
G E O L O G I C A L S E T T I N G
The Archean Iisalmi block lies at the SW margin of the Archean Karelian craton, bordering the craton against the Proterozoic Svecofennian Domain. The Iisalmi block consists predominantly of migmatitic TTG gneisses. Amphibolites occur as schollen, rafts, lenses and thick layers within the gneisses. The migmatitic TTG gneisses form the host rock for fault-bound blocks of intermediate and mafic granulites (Fig. 1) . The region is subdivided into three major units according to the field appearance and mineralogy of the granulites. These units are from NW to SE the Iisalmi^Sukeva area, the Varpanen^Pa« llika« s area and the Jonsa area.
Zircon ion microprobe dating as well as Sm^Nd model ages of granulites from the Varpanen area indicate protolith ages of 3Á1^3Á2 Ga Ma« ntta« ri & Ho« ltta« , 2002) . Similarly, mesosomes of TTG gneisses from the western part of the region have an age of 3Á2 Ga (Ma« ntta« ri et al., 1998) . In contrast, zircon ages of granulites from the Jonsa area are 2Á73^2Á70 Ga and the Sm^Nd model age is 2Á93 Ga . The age difference between the NW and the SE suggests terrane accretion during the late Archean associated with coeval metamorphism in both terranes between 2Á70 and 2Á63 Ga Ma« ntta« ri & Ho« ltta« , 2002) . Enderbites intruded throughout the study area at 2Á7^2Á72 Ga. However, they were not the cause of granulite-facies metamorphism but themselves experienced metamorphism, which is recorded in metamorphic overgrowth on zircon in enderbites at 2Á65^2Á64 Ga (Ma« ntta« ri & Ho« ltta« , 2002) . Contemporaneous and compositionally similiar leucodiorites without orthopyroxene occur in the north of the region (Naimakangas type leucodiorites) and east of the Varpanen area (Rokanma« ki tonalite) (Paavola,1999 (Paavola, , 2003 .
Numerous dolerite dykes intruded into granulite blocks and host migmatites between 2Á3 and 2Á1 Ga (Toivola et al. 1991; . Faults and shear zones in the study area developed during the $1Á9 Ga Svecofennian orogeny, which also caused uplift of lower crustal granulites and juxtaposition with middle crustal rocks. To the west of the study area Archean granulites experienced pervasive retrogression during this Proterozoic deformation, whereas retrogression in the study area was restricted to shear zones and fractures (Ma« ntta« ri & Ho« ltta« , 2002) .
P E T RO G R A P H Y Granulites
Granulites of the Iisalmi block display a variety of modal mineralogies ranging from garnet^clinopyroxene^plagio-clase granulites to orthopyroxene^clinopyroxene^plagio-clase granulites lacking garnet (Appendix A; mineral abbrevations after Kretz, 1983) . The granulites have granoblastic textures with subhedral to euhedral grain shapes.
Granoblastic garnet^clinopyroxene^plagioclase AE hornblende assemblages are typical for the mafic granulites from the Iisalmi^Sukeva area (Fig. 2a) . In the mafic granulites orthopyroxene is present within symplectites around garnet or pseudomorphs after garnet (Fig. 2b) .
The intermediate granulites of the Jonsa and Varpanen area show layering of lighter and darker bands. They characteristically contain granoblastic orthopyroxene and garnet is restricted to more mafic layers. Field appearance and compositional differences within the Jonsa and Varpanen granulites suggest a pre-metamorphic layering of broadly andesitic rocks probably representing original volcanic successions.
The modal content of amphibole in granulites is variable. Amphibole is rarely preserved in the mafic granulites from the Iisalmi^Sukeva area. It is, however, a typical constituent of the intermediate granulites from the Jonsa and Varpanen areas, where variations between amphibole-rich and amphibole-absent layers can be observed within a single outcrop. Amphibole in these rocks is usually overgrown by pyroxenes or occurs as inclusions in pyroxenes ( Fig. 2c and d) .
Porphyroblastic garnet in mafic granulites reaches grain sizes up to 2^3 cm and contains inclusions of mainly clinopyroxene and amphibole ( Fig. 2a and b) . Intergrowth of skeletal garnet and quartz is sometimes found in contact with leucosomes. Ilmenite and magnetite are abundant in all types of granulite ( Fig. 3b and d) . Biotite is a minor constituent of intermediate granulites from the Jonsa and Varpanen area but not of the mafic granulites from the Iisalmi^Sukeva area. Apatite is present as tiny euhedral crystals usually enclosed in plagioclase.
Late hydration of the granulites, indicated by the presence of low-grade amphiboles, epidote and chlorite, occurred along shear zones within and along the bordering faults of granulite blocks.
TTG gneisses and associated amphibolites
The structure of TTG gneisses varies from metatexites with small-scale leucocratic segregations (Fig. 3c) to schlieren migmatites with a higher degree of disaggregation (Fig. 3d) . Mesosomes of the migmatitic TTG gneisses are predominantly tonalitic and consist of plagioclase þ quartz AE potassic feldspar AE amphibole AE biotite. Mafic minerals make up 10^40% of the modal mineralogy but either biotite or amphibole can be absent (Fig. 2g) . Potassic feldspar occurs in biotite-rich varieties.
The TTG gneisses commonly contain blocks, lenses or layers of amphibolite (Fig. 3e) . Outcrop 038 in the NW part of the study area is an exception, as it is a larger block of amphibolitic gneiss compared with the smallscale lenses and layers of amphibolite (Fig. 1) . Amphibole is the dominant mafic mineral in these amphibolite layers and lenses, generally accompanied by biotite. Clinopyroxene can be present but is usually altered into secondary green, Mg-rich amphibole (Fig. 2e ). Plagioclase and quartz occupy interstices between granoblastic, subhedral to euhedral amphibole. Potassic feldspar occurs together with biotite ( Fig. 2f) . Amphibolite schollen and lenses are considered to represent disrupted pre-metamorphic mafic intrusions into the tonalitic basement.
Leucosomes
Granulites as well as the lower-grade TTG gneisses and amphibolites contain leucosomes, which are considered as the principal evidence for melt formation in all rock types. Leucosomes within mafic granulites from the IisalmiŜ ukeva area consist of thin veins and small leucocratic patches (Fig. 3a) . Intermediate granulites from Varpanen and Jonsa areas are stromatic with leucosomes of several centimetres thickness (Fig. 3b) . Additionally, diatexites with a high leucosome/mesosome ratio occur in the Jonsa and Varpanen areas. The amount of leucosome in the TTG gneisses is variable. Some outcrops display features of extensive melting and mobilization with host rock structures being nearly obliterated ( Fig. 3c  and d) .
Leucosomes in all lithologies consist of large subhedral to euhedral grains of plagioclase with quartz occupying the interstices between plagioclase grains (Fig. 2h) . Within granulites mafic phases are more abundant in small leucosome patches but are rare in thicker discordant leucosomes.
with one exception of a more calcic mafic granulite with X grs ¼ 0Á27. Amphiboles are ferropargasitic, pargasitic and edenitic in composition (after Leake, 1997) with only minor within-sample variation. An exception is sample 036M1, where amphibole enclosed by garnet has higher X Mg than larger amphibole grains lacking contact with garnet. Amphiboles from granulite patches in diatexite outcrops (080M, 102a, 114M) have higher K 2 O (1Á5^1Á8 wt %) than amphibole from outcrops with little leucosome (0Á64^0Á85 wt % K 2 O). Clinopyroxene is mainly augite and diopside with X Mg between 0Á6 and 0Á8, and orthopyroxene has X Mg of 0Á5^0Á7. Plagioclase composition is variable. In mafic granulites it has X An 0Á53^0Á7 in agreement with the CaO-rich bulk composition. Plagioclase from two wide granulite bodies (076a, 112M) has X An of 0Á47^0Á53 whereas plagioclase elsewhere in intermediate granulites has X An of 0Á26^0Á33.
A detailed description of the metamorphic mineral assemblages and reactions in mafic and intermediate granulites and P^T estimates has been given by . They obtained peak metamorphic conditions of 8^11 kbar and 800^9508C in granulites from garnet^clinopyroxene^plagioclase^quartz assemblages using the program TWQ 1.02 (Berman, 1991) . Similar P^Tcondi-tions, although slightly lower temperatures of 750^8508C, were obtained using the new mineral compositions obtained as part of this study and the new TWQ version 2.32 (Berman, 2007) . Pressure increases from the southeastern Jonsa block (8^9 kbar) to the Varpanen block and Iisalmi^Sukeva area (9^11 kbar), suggesting a deeper crustal origin for the granulites in the northwestern parts of the study area. Garnet decomposition to orthopyroxene and plagioclase in the granulites took place during decompression and cooling to 7008C and 7 kbar . Symplectites after garnet and clinopyroxene are restricted to areas with late deformation and may have formed during Proterozoic tectonic movements.
TTG gneisses and enclosed amphibolites are free of garnet, which makes P^T estimates difficult. Amphibolep lagioclase thermometry following Holland & Blundy (1994) was applied in combination with the Al-in-hornblende barometer calibrated by Anderson & Smith (1995) to constrain P^T conditions for these rocks. TTG gneisses as well as their enclosed amphibolites usually contain more than one generation of amphibole. Prograde amphibole appears as brownish edenitic and pargasitic hornblende, and more rarely also as magnesiohornblende, following the nomenclature of Leake et al. (1997) . Four samples from amphibolite lenses and two samples of amphibolitic mesosome in TTG gneisses were used for the calculations (Appendix C). X An of plagioclase in these samples is 25^36. The samples yielded upper amphibolite-facies conditions with temperatures of 680^7508C and pressures of 4Á5^5Á3 kbar. The pressure differences between granulites and surrounding TTG gneisses strongly support a tectonic juxtaposition of the lower crustal granulites with the middle crustal TTG gneisses.
A NA LY T I C A L M E T H O D S
Bulk-rock samples were analysed for major and trace elements (Cr, Ni, Sc, V, Sr, Rb, Ba and Zr) by X-ray fluorescence (XRF) at the Institute for Geosciences, University of Mainz. The REE as well as Y, Hf, Nb, Ta, Th and U were analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and solution ICP-MS. Most samples with less than 55 wt % SiO 2 were processed on an iridium-strip heater and the glass beads were measured by LA-ICP-MS. Further explanation of this method has been given by Fedorowich et al. (1993) and Nehring et al. (2008) . Samples with higher SiO 2 contents were analysed following Li-metaborate fusion based on the method described by Mareels (2004) . The solutions obtained by sample digestion after Li-metaborate fusion were analyzed using a VG Elemental Plasma Quad 3 at the University of Mainz, Institute for Geosciences. Thorium determination using the method of Mareels (2004) proved to be difficult, especially for the low concentrations in the leucosomes.
Fluid inclusion studies were carried out using a Linkam THMS 600 heating^freezing stage mounted on an Olympus BH-2 microscope in combination with a TP 91 controller. The accuracy of the temperature measurements is generally about 18C, and for CO 2 -melting 0Á28C.
F LU I D I N C LU S I O N S
Fluid inclusions were studied in mesosome^leucosome pairs from granulites and TTG gneisses. However, data were mainly derived from the leucosomes, because of their higher quartz content and more favourable properties for preserving fluid inclusions.
Fluid inclusions in granulites
All types of granulite are characterized by a high abundance of carbonic inclusions, which occur in quartz, and frequently also in garnet (mesosomes) or in plagioclase (leucosomes). The carbonic inclusions are situated along healed-fracture planes or within stretched and transposed clusters, none of which cross-cut crystal boundaries. They exhibit negative crystal shapes or are slightly rounded. Within garnet they are stretched and form large vermiform and only partly filled cavities. Melting of the CO 2 inclusions occurs instantaneously close to the triple point of CO 2 (T m ¼^56Á68C), indicating that the fluid is pure CO 2 . The overwhelming majority of inclusions homogenize into the liquid phase. The homogenization temperatures (T h ) range between^268C and þ 308C and have a prominent mode between^5 and þ 58C (Fig. 4a) . Secondary peaks can be recognized at^108C and between þ 20 and þ238C. Homogenization temperatures below^188C were found only in one sample from the Varpanen area. Densities of CO 2 inclusions corresponding to the range of T h are ¼1Á05^0Á75 g/cm 3 . Homogenization temperatures of inclusions in plagioclase agree with those in quartz within the same sample, whereas inclusions in garnet show higher T h . This may be due to a late recrystallization of quartz resulting in higher fluid densities in quartz compared with the rigid garnet porphyroblasts.
Granulites contain few aqueous inclusions, although these become more abundant near faults or close to the transition towards the TTG gneisses where hydration has occurred. Aqueous inclusions are irregularly formed and occur as isolated small clusters, within fractures or along grain boundaries, the latter indicating late formation of the quartz crystal boundaries. The aqueous inclusions are mostly monophase at room temperature. They usually melt in the temperature range^5 to^158C (Fig. 4b) corresponding to salinities of 8^18 eq. wt % NaCl (Bodnar, 1993) . Final melting temperatures below^308C were observed in two samples; one of these is an amphibolite that most probably represents a retrogressed granulite.
Fluid inclusions in TTG gneisses and amphibolite
Irregular aqueous fluid inclusions are abundant in the migmatitic TTG gneisses, where they occur in settings similar to those in the granulites. Carbonic inclusions or mixed CO 2^H2 O inclusions are lacking in the migmatitic gneisses and amphibolites.
Final melting of ice within most of the aqueous inclusions is observed in the temperature range^5 to^158C (Fig. 4c) . According to freezing point depressions, this corresponds to less than 20 eq. wt % NaCl (Bodnar, 1993) . Final melting temperatures below^308C are rare. These brines rarely contain cubic crystals of salt. Formation of eutectic melt is frequently observed at temperatures beloŵ 508C, clearly indicating the presence of CaCl 2 in the aqueous fluid.
Aqueous inclusions suitable for measurements of homogenization temperatures are rare. One sample gave T h $2408C at low salinities of 8^14 eq. wt % NaCl whereas another gave T h $1008C at higher salinities of $18 eq. wt % NaCl. 
G E O C H E M I S T RY Granulites
Garnet^clinopyroxene granulites from the Iisalmi^Sukeva area are mafic with 48^50 wt % SiO 2 ( )]. This correlation is not observed in the mafic granulites from the Iisalmi^Sukeva area, but a low-and a high-Al 2 O 3 group may be distinguished in this rock type. Granulites from the Varpanen^Pa« llika« s area show compositional overlap with both groups. Trends in major element variation diagrams for both groups of granulites could indicate fractionation of clinopyroxene and An-rich plagioclase from a mafic precursor, although the proportion of the fractionating minerals most probably was different.
Granulites from the study area can be additionally subdivided according to their trace element characteristics (Ho« ltta« , 1997) . Mafic granulites in the Iisalmi^Sukeva area as well as mafic interlayers in the Varpanen granulites have higher compatible element contents (Cr and Ni) but lower incompatible element abundances (Rb, Sr, Ba) than the intermediate granulites (Fig. 6 , Table 2 ). Slight light REE (LREE) depletion is characteristic of the mafic granulites from the Iisalmi^Sukeva area whereas the Jonsa granulites are enriched in the middle REE (MREE) and LREE (Fig. 7) . REE patterns of granulites from Pa« llika« s and Varpanen are flat or LREE enriched. Both types may occur in a single outcrop and flat REE patterns are restricted to more mafic, garnet-bearing layers. As shown by Ho« ltta« (1997), a distinction between mafic and intermediate granulites can also be made according to their Ti/Zr ratios. Intermediate Jonsa granulites and intermediate samples from the Varpanen area have Ti/Zr ¼ 40^61 whereas mafic granulites mainly show ratios of 67^180 (Fig. 6 ).
On multi-element plots intermediate granulites resemble basaltic andesites because of negative Nb^Ta, Ti and Zr anomalies. Mafic granulites lack such anomalies and broadly resemble tholeiitic basalts.
TTG gneisses
TTG gneisses are mainly tonalitic with SiO 2 contents between 55 and 73 wt %. Their normalized REE patterns ( Fig. 7 ) are strongly fractionated, as is typical for Archean TTG complexes (Martin, 1994) . Two groups of TTG gneisses can be distinguished according to their major and trace element composition. The most striking difference can be observed in the slope of the REE pattern, so that the ratio of the chondrite-normalized values of La and Yb [(La/Yb) N ] is 37^56 in group I gneisses and 520 in group II gneisses. Additionally, the two groups can be subdivided according to their Y contents, which are 58 ppm in group I and 11^32 ppm in group II. Low heavy REE (HREE) as well as low Y contents suggest a strong involvement of garnet in the petrogenesis of the group I gneisses. Sr/Y ratios are 455 in group I gneisses and mainly 552 in group II gneisses. Sr/Y ratios decrease with increasing Y contents but show no dependence on Sr contents, which are 250^400 ppm in group I and 5008 60 ppm in group II gneisses. Although there is compositional overlap, group I gneisses have higher SiO 2 (68^73 wt %) and Na 2 O (44 wt %) but lower FeO (0Á9^3Á1wt %), MgO (0Á42^1Á56 wt %) and CaO (1Á7^4Á0 wt %) contents than group II gneisses (SiO 2 55^66 wt %, Na 2 O 54 wt %, FeO 4Á5^6Á3 wt %, MgO 2Á07^4Á3 wt %, CaO 3Á9^4Á7 wt %).
Amphibolitic gneisses and amphibolite lenses
Amphibolitic layers and lenses occurring within the TTG gneisses have SiO 2 contents of 46^51wt %, comparable with mafic granulites; however, their CaO and MnO contents are slightly lower and FeO and MgO are more variable (Appendix C). With the exception of the amphibolitic gneiss at outcrop 038, amphibolite lenses have high Cr, Ni, Sc and V contents, comparable with the mafic granulites, but in contrast to the depleted granulites they are enriched in incompatible elements (Fig. 6 ). Amphibolites have essentially flat chondrite-normalized REE patterns (Fig. 7 ).
Leucosomes
The SiO 2 contents of leucosomes from granulites and TTG gneisses are in the range 57^80 wt %. In the normative feldspar classification diagram after Barker (1979) , leucosomes from granulites are tonalitic whereas leucosomes from TTG gneisses are less calcic and cluster along the border between the trondhjemite and tonalite fields (Fig. 8 ). Few leucosomes in either rock type have K 2 O contents 41wt %. Major element trends in leucosomes relate to the composition of the respective plagioclase in the leucosome (Fig. 9 ). 3  51Á59  0Á88  15Á25  10Á03  0Á14  7Á38  8Á97  3Á00  1Á00  98Á2  5 7   012-04 M2  3  49Á16  1Á11  15Á66  10Á83  0Á15  7Á46  9Á73  2Á98  1Á04  98Á1  5 5   048 M1  3  50Á76  0Á82  14Á32  10Á74  0Á21  6Á58  12Á53  2Á27  0Á37  98Á6  5 2   048 b  3  49Á11  0Á74  15Á22  9Á16  0Á21  7Á30  13Á79  2Á54  0Á52  98Á6  5 9   048 d  3  54Á37  0Á90  16Á41  9Á68  0Á17  4Á58  7Á46  3Á62  1Á15  98Á3  4 6   048 g  3  48Á47  0Á81  14Á69  11Á80  0Á23  7Á36  12Á56  2Á35  0Á38  98Á7  5 3   049 M  3  49Á51  1Á50  13Á14  15Á37  0Á23  6Á47  8Á59  2Á99  0Á62  98Á4  4 3   049 b  3  47Á62  0Á76  13Á77  13Á01  0Á25  12Á67  6Á91  2Á09  1Á01  98Á1  6 4   049 d  3  54Á64  0Á88  14Á46  11Á34  0Á17  5Á61  6Á28  4Á57  0Á69  98Á6  4 7   069 M2  3  49Á09  0Á88  14Á87  9Á98  0Á20  6Á04  13Á14  3Á02  0Á61  97Á8  5 2   060 b  4  56Á10  0Á46  15Á27  8Á34  0Á17  6Á22  6Á98  3Á93  1Á05  98Á5  5 7   063 M1  4  49Á28  0Á92  13Á68  12Á63  0Á22  6Á76  10Á83  2Á85  0Á83  98Á0  4 9   063 M2  4  49Á58  0Á90  13Á87  12Á53  0Á22  6Á90  10Á96  2Á56  0Á61  98Á1  5 0   066 M  4  48Á75  0Á79  14Á04  10Á42  0Á23  6Á94  14Á26  2Á32  0Á31  98Á1  5 4   137 M  5  50Á14  0Á86  14Á78  10Á90  0Á18  7Á23  10Á18  3Á22  1Á06  98Á6  5 4 Amphibolite lenses or layers
TTG gneisses 009-04  1  68Á40  0Á41  16Á37  2Á34  0Á03  1Á12  3Á61  4Á82  1Á43  98Á3  4 5   030 c  1  60Á27  0Á96  16Á47  6Á33  0Á10  2Á90  5Á33  3Á91  2Á01  99Á1  4 4   031 ME  1  68Á95  0Á33  15Á85  2Á92  0Á05  1Á26  3Á71  4Á90  1Á09  99Á1  3 8   138 ME  1  71Á15  0Á33  15Á09  2Á56  0Á04  0Á89  3Á36  4Á55  1Á09  97Á8  5 4   143 M  1  54Á99  0Á73  18Á27  6Á03  0Á11  4Á04  7Á42  4Á61  1Á61  98Á0  3 7 (continued) 1Á12  17Á16  6Á57  0Á09  2Á17  6Á04  5Á23  0Á33  97Á3  5 3   083-04  2  60Á53  0Á62  15Á73  5Á73  0Á10  3Á67  5Á09  3Á24  2Á63  97Á7  5 1   113 M1  2  57Á59  0Á77  18Á05  5Á66  0Á08  3Á28  6Á56  4Á90  0Á84  99Á4  4 0   134 ME  2  72Á48  0Á30  14Á91  1Á76  0Á02  0Á65  3Á12  4Á82  1Á31  99Á1  4 6   118-03  5  69Á23  0Á33  15Á42  3Á13  0Á05  1Á52  4Á00  4Á04  1Á38  99Á2  5 1   131  5  70Á41  0Á37  15Á11  2Á41  0Á03  1Á41  1Á86  4Á90  2Á69  98Á8  5 2 132
Granulite leucosomes 67Á02  0Á18  18Á06  1Á71  0Á03  1Á00  4Á66  5Á45  0Á99  99Á1  5 1   012 L1  3  71Á77  0Á35  15Á59  1Á40  0Á01  0Á88  4Á20  3Á77  1Á31  99Á3  5 3   012 L2  3  63Á51  0Á47  19Á68  2Á20  0Á02  1Á64  5Á35  4Á65  1Á58  99Á1  5 7   012 L3  3  64Á31  0Á56  15Á35  5Á78  0Á09  3Á37  5Á49  3Á35  0Á79  99Á1  5 1   048 L1  3  77Á43  0Á29  12Á25  1Á33  0Á03  0Á64  4Á23  2Á81  0Á44  99Á5  4 6   048 a  3  65Á26  1Á21  17Á60  2Á74  0Á04  1Á08  7Á22  3Á51  0Á38  99Á0  4 1   048 c  3  75Á40  0Á08  14Á19  1Á06  0Á03  0Á46  3Á97  3Á63  0Á91  99Á7  4 4   048 f  3  79Á29  0Á13  12Á50  0Á46  0Á01  0Á26  3Á77  3Á11  0Á41  99Á9  5 0   069 L1  3  66Á92  0Á44  15Á08  4Á34  0Á07  2Á66  4Á55  4Á14  0Á92  99Á1  5 2   069 L2  3  65Á93  0Á36  16Á14  3Á45  0Á06  2Á09  5Á23  4Á45  0Á94  98Á7  5 2   063 L  4  76Á78  0Á14  13Á27  0Á97  0Á02  0Á43  3Á64  3Á44  0Á83  99Á5  4 4 Migmatite leucosomes 1  74Á72  0Á07  14Á27  0Á67  0Á01  0Á36  1Á88  5Á06  1Á83  98Á9  4 9   009 L1  1  74Á70  0Á03  14Á93  0Á40  0Á01  0Á15  3Á64  5Á22  0Á32  99Á4  4 0   009 L2  1  73Á05  0Á33  13Á60  1Á80  0Á03  0Á91  1Á81  3Á31  4Á02  98Á9  4 8   027 L  1  60Á94  0Á58  16Á97  5Á11  0Á07  2Á62  4Á84  4Á31  1Á94  97Á4  4 8   030 b  1  66Á67  0Á23  18Á96  1Á38  0Á02  0Á73  4Á14  6Á20  0Á93  99Á3  4 9   030 e  1  74Á04  0Á18  15Á08  0Á92  0Á01  0Á50  3Á31  4Á87  0Á64  99Á6  4 9   031 L  1  72Á67  0Á11  15Á59  0Á70  0Á01  0Á32  3Á14  5Á43  0Á70  98Á7  4 5   038 L  1  79Á66  0Á12  11Á08  0Á90  0Á02  0Á46  2Á83  3Á55  0Á34  99Á0  4 8   100 L2  1  71Á38  0Á24  15Á14  1Á95  0Á03  1Á13  2Á81  4Á61  1Á84  99Á1  5 1   128 L  1  65Á68  0Á46  16Á99  3Á55  0Á06  1Á63  4Á73  5Á19  0Á71  99Á0  4 5   144 L1  1  75Á91  0Á46  12Á55  2Á19  0Á02  0Á70  3Á07  4Á02  0Á34  99Á3  3 7   144 L2  1  58Á42  0Á24  20Á89  3Á27  0Á06  2Á23  6Á93  6Á36  0Á45  98Á9  5 5   085 L  2  80Á58  0Á06  11Á20  0Á39  0Á01  0Á10  2Á67  3Á47  0Á58  99Á1  3 2   134 L1  2  73Á47  0Á18  14Á54  1Á34  0Á03  0Á49  2Á63  4Á61  1Á97  99Á3  4 0   134 L2  2  75Á92  0Á03  13Á65  0Á26  0Á01  0Á03  1Á35  3Á91  4Á29  99Á5  1 7   094 L1  5  64Á09  0Á60  15Á58  4Á64  0Á07  3Á93  3Á32  3Á73  2Á22  98Á2  6 0   094 L2  5  74Á11  0Á09  14Á29  1Á21  0Á03  1Á05  3Á49  4Á34  0Á56  99Á2  6 1   120 L  5  70Á29  0Á18  14Á78  2Á20  0Á05  1Á07  5Á09  4Á00  0Á37  98Á0  4 7 Localities (loc.): 1, Iisalmi-Sukeva, 2, Jonsa, 3, Varpanen, 4, Pallikä s, 5, others. JOURNAL OF PETROLOGY VOLUME 50 25Á0  3Á56  15Á8  3Á20  0Á93  2Á66  2Á30 1Á29  1Á24  0Á19  0Á78  0Á31  0Á37  0Á24   012-04M1 3  40  245  307  101  9  164  37Á7  7 0  4 Á45  191  21Á6  47Á5  5Á76  23Á7  6Á18  2Á19  6Á98  7Á52 3Á83  3Á61  0Á50  0Á90  0Á26  0Á83  0Á12   012-04M2 3  36  263  296  126  9  136  58Á3  118  5Á92  82  14Á5  39Á5  5Á93  29Á5  8Á89  3Á04  10Á5  11Á5  6Á05  5Á82  0Á79  6Á74  0Á31  1Á08  0Á57   048 M1  3  45  265  348  150  5  129  15Á6  3 9  3 Á13  47  4Á81 11Á5  1Á56  7Á28 2Á02  0Á65  2Á53  2Á79 1Á71  1Á56  0Á25  0Á78  0Á22  0Á04  0Á01   048 b  3  40  225  384  166  6  107  16Á9  6 4  2 Á23  56  6Á83 13Á6  1Á69  7Á76 2Á14  0Á72  2Á58  3Á03 1Á88  1Á98  0Á30  1Á23  0Á17  0Á47  0Á14   048 d  3  26  177  74  58  19  264  20Á7  147  6Á50  189  23Á6  51Á4  6Á39  26Á0  5Á00  1Á27  4Á52  4Á01 2Á16  2Á14  0Á31  1Á58  0Á50  0Á55  0Á29   048 g  3  44  275  386  168  4  128  15Á7  4 9  2 Á27  45  3Á66 10Á3  1Á41  6Á80 1Á97  0Á72  2Á33  2Á89 1Á75  1Á94  0Á28  0Á90  0Á13  0Á03  0Á02   049 M  3  48  370  130  75  4  269  29Á8  8 9  4 Á28  205  7Á16 19Á0  2Á76  13Á5  3Á88  1Á26  4Á86  5Á56 3Á38  3Á20  0Á47  1Á20  0Á29  0Á10  0Á03   049 b  3  62  355  652  265  23  134  22Á9  3 8  3 Á94  196  1Á98  8Á40 1Á39  7Á36 2Á44  0Á70  2Á81  3Á74 2Á67  2Á97  0Á44  0Á74  0Á21  0Á01  0Á01   049 d  3  17  140  50  130  5  302  17Á2  142  5Á51  504  19Á9  50Á8  7Á22  31Á3  6Á10  1Á54  4Á78  3Á70 1Á85  1Á65  0Á29  1Á15  0Á32  0Á11  0Á32   069 M2  3  40  248  266  108  6  302  20Á6  7 9  2 Á51  102  40Á8  79Á1  8Á71  32Á9  5Á46  1Á44  4Á42  3Á91 2Á25  2Á25  0Á33  1Á63  0Á18  5Á22 2  11  73  5  6  4  282  14Á6  86  0Á85  203  7Á00 10Á3  0Á94  4Á56  0Á93 0Á35  1Á31  2Á36  2Á03  2Á26 0Á51  2Á12  0Á06  n.a. 0Á09   076 L3  2  24  61  4  3  3  172  82Á5  67  0Á44  106  5Á00  4Á85  0Á36  1Á77  0Á71 0Á32  2Á31  9Á54 16Á0  23Á8  9Á43  1Á27  0Á05  n.a. 0Á02   109 L  2  27  95  4  10  7  313  93Á1  30  1Á74  228 23Á0  51Á3  6Á24 30Á0  10Á7  1Á38  12Á0  18Á8  11Á7  7Á38 2Á07  0Á45  0Á12  n.a. 0Á40   114 L  2  4  21  16  18  11  545  2Á28  71  1Á17  428 10Á2  15Á9  1Á64  6Á02  0Á97 0Á56  0Á69  0Á50  0Á19  0Á19 0Á03  0Á98  0Á07  0Á20 0Á05   012 L1  3  3  31  6  10  28  339  1Á12 160  1Á66  667 14Á6  18Á8  1Á54  4Á02  0Á45 0Á99  0Á34  0Á19  0Á12  0Á20 0Á05  5Á07  0Á03  0Á06 0Á17   012 L2  3  7  30  30  33  38  461  10Á0  261  4Á13  649 22Á7  34Á3  3Á63 12Á8  2Á58 2Á36  2Á65  2Á02  0Á90  0Á88 0Á13  7Á47  0Á12 0Á26 n.a. 3  15  85  116  56  6  288  20Á0  86  6Á07  358 20Á7  38Á1  4Á67 20Á4  4Á66 1Á51  4Á72  4Á23  2Á06  1Á84 0Á23  2Á39  0Á26  1Á23 0Á42   048 L1  3  6  49  72  14  7  243  2Á49  83  2Á26  165  4Á53  6Á41  0Á69  2Á58  0Á55 0Á41  0Á50  0Á47  0Á21  0Á23 0Á01  2Á30  0Á19 1  16  50  34  20  5  945  8Á61  26  1Á13  276  9Á64 19Á0  2Á60 11Á8  2Á58 0Á80  2Á27  1Á75  0Á88  0Á78 0Á13  0Á50  0Á11  0Á14 0Á05   085 L  2  3  11  3  1  10  276  0Á41  48  0Á22  374  5Á90  8Á57  0Á70  2Á43  0Á22 0Á51  0Á13  0Á09  0Á05  0Á07 0Á01  1Á18  0Á01  0Á08 0Á09   134 L1  2  2  15  8  5  44  215  6Á02 105  2Á52  327 10Á7  20Á1  2Á01  7Á30  1Á34 0Á45  1Á15  1Á06  0Á65  0Á84 0Á14  8Á48  0Á15  1Á86 Localities: 1, Iisalmi-Sukeva, 2, Jonsa, 3, Varpanen, 4, Pallikä s, 5, others. n.a., not analyzed; b.d., below detection limit.
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ARCHEAN CONTINENTAL CRUSTAL MELTING
High Sr contents in leucosomes occur in host rocks with sodic plagioclase (intermediate granulites, TTG gneisses), whereas low Sr contents are observed in leucosomes from more calcic precursor rocks (mafic granulites, amphibolites) (Fig. 10) . Rb contents 430 ppm are associated with Ba 4500 ppm, reflecting the involvement of biotite. Zr contents in leucosomes exhibit a wide scatter between 18 and 340 ppm but are mostly below 150 ppm.
The REE patterns of leucosomes are very variable. Most leucosomes exhibit a strong positive Eu anomaly (Fig. 11) , demonstrating the influence of plagioclase on their REE budget. Leucosomes enriched in REE or with rather flat REE patterns lack a Eu anomaly and only the most REEenriched leucosomes show a slight negative Eu anomaly. Some leucosomes within granulites have high contents of HREE indicative of the presence of garnet as a peritectic or entrained phase. 
G R A N U L I T E A N D M I G M AT I T E P E T RO G E N E S I S Fluid regime during partial melting of granulite-and amphibolite-facies rocks Granulites
The lowest homogenization temperature of carbonic fluid inclusions found in only one diatexite sample is^248C. This corresponds to an isochore that intersects the lower part of the P^T field for granulites yielding about 8 kbar at 8008C using the equation of state of Angus et al. (1976) provided within the computer package FLUIDS by Bakker (2003) . These inclusions may represent early inclusions trapped close to peak metamorphic conditions or during the early phases of decompression and cooling (Fig. 12 ). Although such early CO 2 inclusions are rare, their presence confirms the experiments of Vityk & Bodnar (1995) , which showed that a small percentage of inclusions may survive the discrepancy between inclusion and ambient pressure during uplift. Isochores corresponding to CO 2 inclusions with lower densities clearly lie below the P^T field of granulites (Fig. 12) . Density resetting of CO 2 inclusions could have been triggered by extensional tectonics, which also allowed the intrusion of dolerite dykes during the Paleoproterozoic (2Á3^2Á1 Ga). Furthermore, disturbance of inclusion densities during the $1Á9 Ga Svecofennian overprint at 6^7 kbar and 600^7008C The overall abundance of carbonic inclusions compared with the limited number of aqueous inclusions in granulites most probably results from the low wetting ability of CO 2 , which promotes preferential capture of the carbonic fluid (Watson & Brenan, 1987; Holness, 1993) . This also precludes infiltration of CO 2 -rich fluids from igneous enderbites as the principal mechanism of dehydration. Igneous enderbites that contain abundant carbonic fluid inclusions (Poutiainen, 1992) occur throughout the area. They intruded during the early phases of metamorphism Barker (1979) . Granulite leucosomes are displaced towards the Anorthite apex and classify as tonalities, whereas most migmatite leucosomes have lower Ca/Na ratios. Although dehydration induced by infiltration of a carbonic fluid from enderbites into their wall-rocks has frequently been observed (Knudsen & Lidwin, 1996; Van den Kerkhof & Grantham, 1999; Harlov et al., 2006) , the low wetting ability of carbonic fluids requires intense fracturing or shearing to allow fluid transport over larges distances from the source. The widespread and pervasive occurrence of granulites in the study area argues against granulite formation along channelized fluid pathways. A limited number of aqueous inclusions with420 eq. wt % NaCl is present in most of the granulite samples. The occurrence of such saline aqueous inclusions (brines) together with carbonic inclusions and the absence of mixed gaseous^aqueous inclusions in granulites supports experimental findings of immiscibility between brines and carbonic fluids under lower crustal conditions (Bowers & Helgeson, 1983; Johnson, 1991; Shmulovich & Graham, 2004) . Both fluid types may evolve by unmixing from a single fluid phase during progressive metamorphism. H 2 O activities in brines are low at pressures of lower crustal metamorphism, allowing the coexistence with the anhydrous mineralogy of the granulites (Aranovich & Newton, 1996; Newton et al., 1998; Newton & Manning, 2000) . P^Tdiagram showing isochores for CO 2 inclusions in granulites and aqueous inclusions in migmatitic gneisses along with the estimated P^T fields of major tectonic events. Most carbonic inclusions were reset during Proterozoic overprinting of the area. Carbonic inclusions with the lowest T h of^248C intersect the P^T field of granulites and were trapped during peak metamorphism or during the early phases of cooling and decompression. Aqueous inclusions with T h $2408C could have been trapped anywhere along the isochore whereas those with T h $1008C could have equilibrated only during the last stages of uplift.
Nevertheless, the majority of aqueous inclusions are less saline. These inclusions may have developed by expulsion of aqueous fluid upon crystallization of the leucosomes from a hydrous melt. This is also consistent with the presence of hydrous minerals within and along leucosome boundaries, which were produced by retrograde reactions of the anhydrous mineral assemblage with the hydrous melt. Hydration reactions along or within melt channels may have the potential to increase the salinity of the coexisting fluid phase as deduced from the works of Svensen et al. (1999) , Markl & Bucher (1998) or Trommsdorff et al. (1985) ; this could explain the rather wide spread in fluid salinities observed in the granulite samples.
TTG gneisses
A major reduction in water activity across the amphiboliteto granulite-facies transition has been described from many localities (e.g. Touret & Olsen, 1985; Andersen et al., 1997; Perchuk et al., 2000) . Aqueous fluid inclusions with variable salinities as observed in the Finnish TTG gneisses seem to be typical for rocks equilibrated under amphibolite-facies conditions in a variety of geological settings (Andersen et al., 1991; Klemd et al., 1995; Carson et al., 2002; Yardley & Graham, 2002) .
The lack of carbonic inclusions in the gneisses and the presence of aqueous inclusions with variable salinities point to fluid-present conditions during peak metamorphism. Furthermore, apart from the formation of clinopyroxene along amphibole rims there is no mineralogical evidence that these rocks ever experienced metamorphic conditions sufficient to promote hydrous phase breakdown melting. However, anatexis is evidenced by the strong migmatization. It is suggested that a H 2 O-rich fluid aided melt formation in rocks that could otherwise not have melted at the metamorphic conditions under consideration. The mole fraction of NaCl in inclusions with the lowest melting temperatures of $^358C is X NaCl ¼ 0Á16 resulting in a H2O ¼ 0Á72 at 10 kbar, which is sufficient for fluid-induced melt formation in the granitic system at temperatures close to 7008C (Aranovich & Newton, 1996) . If these brines represent the peak metamorphic fluid, they probably evolved by scavenging of water in the melt phase (Yardley & Graham, 2002) .
Devolatilization of hydrous minerals contained in the TTG gneisses along the prograde path may have provided small quantities of water sufficient to produce the low melt fractions observed in the metatexites. The transition to melt-rich schlieren migmatites in single outcrops most probably was a result of influx of an external fluid. White et al. (2005) considered fluid release by subsolidus dehydration reactions in metapelites and metapsammites as a source for fluid-enhanced melt production in adjacent gneisses. Metasediments occur in the Jonsa area but are absent from the rest of the region and are therefore not likely sources for hydrous fluids. Nevertheless, the exposed granulites continue to deeper levels, as suggested by geophysical data (Korsman et al., 1999) , so that dehydration reactions of hydrous mafic rocks could provide a possible source of hydrous fluids. Additionally, hydrous phase breakdown melting at deeper crustal levels of mafic rocks and crystallization of these melts could have released the hydrous fluids required for melting of the overlying TTG gneisses. The migration ability of the aqueous fluid would be enhanced compared with carbonic fluids because of the better wetting ability of the aqueous fluid.
Aqueous inclusions with homogenization temperatures of $2408C could have been trapped anywhere along the uplift path following an isochore that crosses through the P^T conditions of all major tectonic events (Fig. 12) . Therefore salinities of 8^14 eq. wt % NaCl could closely correspond to the peak metamorphic fluid composition. More saline, high-density aqueous inclusions with T h $1008C most probably developed by decrepitation processes and quartz recovery during uplift and finally equilibrated under near-surface conditions (Touret & Dietvorst, 1983; Van den Kerkhof et al., 2004) . Simultaneous water uptake in the formation of low-grade hydrous minerals could explain high salinities in the residual fluids.
Melt formation in granulites
The common depletion of incompatible elements in large Archean granulite terranes (Lambert & Heier, 1968; Pride & Mu « cke, 1980; Vielzeuf et al., 1990; Guernina & Sawyer, 2003; Hansen & Harlov, 2007) suggests that granulites are residues of melt extraction. The amount of melt extracted from granulite terranes strongly depends on the amount of hydrous phases present at the onset of melting and on the melt-forming reaction, which is mainly controlled by the P^T conditions. Hydrous phase breakdown melting reactions of amphibole have been examined in a variety of experimental studies (Beard & Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991; Sen & Dunn, 1994; Wolf & Wyllie, 1994; Patin‹ o Douce & Beard, 1995; Rapp, 1995; Springer & Seck, 1997; Sisson et al., 2005) . Therefore the P^Tdepen-dence of melt-forming reactions in mafic and intermediate source rocks is well known. This allows us to model the observed mineral modes and compositions of granulites as residues from partial melting of amphibole-bearing source rocks.
Mafic granulites
The modal amphibole content of the mafic granulites is 510%. The relatively dry character of the rocks can be accounted for by two scenarios.
(1) The igneous precursor of the mafic granulites intruded into the middle to lower crust and never experienced hydration so that the rock was dry at the onset of metamorphism. In this case, the mineral assemblage of the mafic granulites represents igneous minerals recrystallized to granulite-facies conditions and the trace element composition of mafic granulites is a feature inherited from a source rock with a composition comparable with normal mid-ocean ridge basalt (N-MORB). (2) The rocks were moderately hydrous at the onset of metamorphism before amphibole was nearly consumed during the formation of clinopyroxene, garnet and melt. In this case, the trace element characteristics of the mafic granulites can be modelled as residues of melting of a mafic precursor.
We favour the second option for the petrogenesis of the mafic granulites from the Iisalmi^Sukeva area. The dry solidus of mafic rocks is located between 800 and 9008C at 5^10 kbar (Beard & Lofgren, 1991; Rushmer, 1991; Sisson et al., 2005) . Temperatures in excess of 8008C and pressures of 9^11 kbar were determined for these granulites and allowed partial melting of mafic rocks in agreement with the following general hydrous phase breakdown melting reaction (Wolf & Wyllie, 1994; Hartel & Pattison, 1996) : Hartel & Pattison (1996) predicted that garnet is produced in larger amounts than clinopyroxene and that titanite will be an additional crystallizing phase. Titanite is rarely observed and clinopyroxene is always more abundant than garnet in the mafic granulites, as deduced from field appearance, point counting and calculation of modal abundances. This may be attributed to subsolidus clinopyroxene formation on the prograde path before the rocks entered the stability field of garnet.
Patches and veins of leucosome as well as low Rb, Ba and K contents within the mafic granulites are indicative of the loss of a melt fraction. The mafic granulites are depleted in LREE and have fractionated Th/U ratios that may be an additional feature produced during partial melting. Similar processes have been described by Garrido et al. (2006) for the formation of garnet granulites in the Kohistan Arc Complex by hydrous phase breakdown melting of amphibole-bearing arc plutonic rocks.
Amphibolite lenses and layers abundantly present in the TTG gneisses resemble mafic granulites in terms of major elements and compatible trace elements. These amphibolites are the only mafic rocks of suitable age and composition in the study area that could represent lower grade analogues of mafic granulites. The apparent depletion of the mafic granulites in incompatible elements compared with the enrichment of these elements in the amphibolites could then be produced during partial melting. To investigate this we applied a batch melting model using observed modal compositions of mafic granulites as likely residues from melting of an average amphibolite composition. Partition coefficients experimentally derived under conditions appropriate for crustal melting are limited. Klein et al. (2000) reported D Cpx and D Grt in equilibrium with tonalitic liquids at 15 kbar and 10508C and 9008C, respectively, which are consistent with the results of Barth et al. (2002) . Amphibole partition coefficients were taken from Klein et al. (1997) , as they were obtained in equilibrium with a tonalitic liquid at 9008C and 10 kbar. However, more recent research (Tiepolo et al., 2000) showed that amphibole fractionates Nb from Ta with Amph D Nb 4
Amph D Ta . We therefore used Amph D Nb 0Á44 and Amph D Ta 0Á26, which are suitable for the observed amphibole compositions (Ti Tot 0Á2 a.p.f.u., Mg-number 60). Plagioclase partition coefficients for X An 50 were calculated using the equations of Be¤ dard (2006b).
About 10% partial melting of an average amphibolite lens leaving 10% garnet, 35% plagioclase, 45% clinopyroxene and 10% amphibole in the residue is sufficient to explain the trace element pattern of most mafic granulites. Some strongly fractionated mafic granulites require up to 30% partial melting, higher amounts of residual garnet (30%) and lower amounts of residual plagioclase (20%) (Fig. 13a) . Incidentally, these strongly fractionated granulites record pressures of 11 kbar, which points to an increased incorporation of plagioclase in the melt at pressures 420 kbar as observed, for instance, by Sen & Dunn (1994) .
In model residues, low Ba contents similar to those of the mafic granulites are obtained only if Ba in the source rock is less than 150 ppm. This requires omission of two biotiterich amphibolite lenses with Ba contents of 454 ppm and 894 ppm from the calculation of an average amphibolite composition. Ba contents520 ppm observed in mafic granulites with strongly fractionated REE patterns are not reproduced by our model (Fig. 13b) . They require less Ba in the source as well as total consumption of amphibole and lower modal plagioclase in the residue. Likewise, low Sr contents in strongly fractionated mafic granulites are reproduced only by low source rock Sr contents 5100 ppm instead of 140 ppm of an average Iisalmi amphibolite. Slightly fractionated mafic granulites exhibit a stronger positive Sr anomaly than the strongly fractionated granulites. This Sr anomaly in the granulites could be caused by the storage of Sr in residual plagioclase. In this case, the smaller positive Sr anomaly in strongly fractionated granulites points to an increased incorporation of plagioclase in the melt phase at higher pressures.
Adjustment of Nb and Ta values requires a phase with high D Nb and D Ta . Ilmenite is a common accessory phase in the granulites from the study area whereas rutile is not observed. LA-ICP-MS analyses of ilmenites show high concentrations of Nb, Ta, Sc and V, and including ilmenite in the melting model yields Nb and Ta contents in good agreement with the mafic granulites. Additionally, ilmenite will retain Ti during melting.
The residual garnet in the mafic granulites is expected to cause HREE depletion in the corresponding melts. This implies that hydrous phase breakdown melting of amphibolitic source rocks under lower crustal conditions leaving a garnet-bearing mafic granulite residue produces strongly fractionated tonalitic melts similar to typical Archean TTGs (Fig. 13c) . Different amounts of garnet in the residue will cause variable HREE depletion similar to observed HREE variations in the TTG gneisses. However, Sr and Eu contents in the melt are strongly controlled by the amount and composition of residual plagioclase. High Sr contents (4250 ppm) are typical for Archean TTG (Martin, 1997; Martin et al., 2005) ; the lack of negative Sr and Eu anomalies in melts can arise only if plagioclase abundance in the source progressively decreases at pressures above 10 kbar, leading to plagioclase-free eclogite melting as originally suggested for TTG genesis by Drummond & Defant (1990) .
Intermediate granulites
Compared with mafic granulites, in which prograde amphibole is rare, intermediate granulites provide abundant evidence for amphibole breakdown such as overgrowth of pyroxenes on amphibole. It is suggested that prograde clinopyroxene and orthopyroxene were produced by a reaction corresponding to reaction (2) as found by Patin‹ o Douce & Beard (1995):
This reaction is consistent with lower pressures of 8^9 kbar determined for the intermediate granulites from the Jonsa block in the SE of the study area compared with mafic granulites from the NW part of the study area, which equilibrated at 9^11 kbar. A similar clinopyroxene/ orthopyroxene ratio to that observed by Patin‹ o Douce & Beard (1995) is found in the intermediate granulites (Table 3) . Metamorphism and melting of a layered suite of rocks such as the granulites from the Jonsa and Varpanen area produces inhomogeneous residues whose mineralogy depends on source rock composition on the one hand and degree of amphibole breakdown on the other. Accordingly, intermediate granulites exhibit significant variations in modal mineralogy, with plagioclase constituting 30^50%, amphibole 10^40% and clinopyroxene 10^30% of the modal abundance. The high proportion of plagioclase in intermediate granulites indicates that it was a stable phase during partial melting and most probably also formed as a peritectic product as predicted from reaction (2). The garnet-producing reaction (1) is restricted to Fe-rich layers in intermediate granulites but within these layers garnet can make up more than 20%.
By assuming that all clinopyroxene in the intermediate granulites was produced by the breakdown of amphibole in the presence of quartz [reaction (2)] it is possible to calculate the amount of melt that formed as a result of reaction (2). The melt proportion was small, ranging between 5 and 10% for most of the samples (Table 3) . Because amphibole is still present in most intermediate granulites the rocks are fertile with respect to melt formation. Free quartz is absent from the intermediate granulites, so the consumption of quartz in the melt-forming reaction probably controlled the reaction progress. The low degree of melting in the intermediate granulites should not change the REE contents significantly so that the observed REE contents will closely approach source compositions. Sub-parallel REE patterns for the intermediate granulites additionally indicate that HREEretaining garnet did not play a significant role in fractionation during partial melting, except for some HREE-enriched layers. The consumption of amphibole during partial melting mainly liberates large ion lithophile elements (LILE) as well as Nb and Ta. However, the concentration of Nb and Ta in the residue is buffered by the formation of ilmenite. Accessory biotite and residual amphibole buffer Ba contents. Sr contents are generally high in the intermediate granulites but positive Sr anomalies on multielement plots are rare. Samples lacking Sr anomalies or having small negative Sr anomalies occur more frequently. Variable concentrations of Sr must be inherited from the precursor rocks, as Sr remains in the residue because of the large modal abundance and stability of plagioclase.
Melts derived from intermediate granulites mainly inherit the trace element pattern of their sources but will be more LILE-and LREE-rich. The HREE will not be fractionated because of the absence of garnet. The shape of the MREE pattern is influenced by the amount of amphibole in the residue. Negative Eu and Sr anomalies may be characteristic for melts derived from intermediate granulites because of the high amounts of restitic plagioclase. Altogether, this implies that the trace element patterns of partial melts of intermediate granulites formed at pressures less than 10 kbar do not resemble typical Archean TTG although, in terms of major elements, they are tonalitic.
Melt formation in TTG gneisses
The mesosomes of migmatitic TTG gneisses are hydrous comprising amphibole and biotite as mafic phases. Additionally, clinopyroxene can be present especially in amphibolite lenses and layers. The lack of anhydrous mineral assemblages indicates that the leucosomes in the TTG gneisses were not formed as a result of hydrous phase breakdown melting but that melting at low temperatures was probably fluxed by a hydrous fluid. The stability of plagioclase is greatly lowered in the presence of water. Therefore melting in hydrous quartzofeldspathic compositions starts at temperatures considerably lower than required for hydrous phase breakdown melting and the melt productivity is greatly enhanced in the H 2 O-present environment (Beard & Lofgren, 1991) .
Water-saturated experiments on natural granitoid compositions were conducted at 15 kbar by Johnston & Wyllie (1988) and Carroll & Wyllie (1990) , and at 20 kbar by Acosta-Vigil et al. (2006) . The melting interval of the trondhjemitic composition used by Johnston & Wyllie (1988) lies between 610 an 7458C. Carroll & Wyllie (1990) detected the solidus for their tonalite below 7008C at water contents of $5 wt %. Acosta-Vigil et al. (2006) observed an interconnected melt phase already at 6908C and low degrees of melting. According to Johannes (1984) the beginning of melting in the granite system qz^kfs^ab^an^H 2 O Melt fraction calculated according to reaction (2); data in wt %. LSR, least-squares regression; PC, point counting.
JOURNAL OF PETROLOGY VOLUME 50 NUMBER 1 JANUARY 2009 can be observed between 6908C at 2 kbar and 6308C at 17 kbar. The transition from stromatic migmatites to strongly disaggregated schlieren migmatites observed in some outcrops of TTG gneisses (Fig. 3d) , resembles the metatexite to diatexite transitions described by White et al. (2005) . The amount of melt required to produce diatexites is estimated to be of the order of 20^40 vol. % (Greenfield et al., 1996; Sawyer, 1998) . Becausee most migmatitic gneisses preserve pre-migmatitic structures and classify as metatexites, the amount of melt in the system most probably was less than 25 vol. %. Redistribution of melt could explain the enrichment of melt and formation of diatexites in some migmatite outcrops. Nevertheless, the dependence of Ca/Na ratios (see above) and Sr and Rb contents in leucosomes on mesosome composition, as indicated in Fig. 10 , argues against a large degree of melt injection and melt mixing.
Leucosome plagioclase compositions are slightly more sodic in some outcrops but virtually the same as mesosome plagioclase composition in other outcrops (Fig. 14) . More sodic plagioclase is expected in the melt phase compared with the residual mesosome, but equal plagioclase compositions in leucosomes and mesosomes have often been described from migmatites (Gupta & Johannes, 1982; Whitney & Irving, 1994) . This contradiction to experimental data may be explained by percolation of melt along grain boundaries leading to re-equilibration of mesosome and plagioclase leucosome with the same melt phase (Marchildon & Brown, 2001) .
Larger intrusive bodies that could represent melts segregated from the migmatitic gneisses are lacking at the present outcrop scale. Small leucodiorite intrusions (Naimakangas leucodiorites) from the far NW of the field area would be likely candidates supported by conventional U^Pb age data on zircons that give 2706 AE 3 Ma (Paavola, 2003) . However, neodymium isotopes yield T DM model ages of 2800 Ma (H. Huhma, personal communication), thus showing very limited contribution of older crustal material to the sources of the Naimakangas leucodiorites.
Origin of leucosomes in granulites and amphibolite-facies rocks
The origin of leucosomes has long been debated. In most circumstances, leucosomes are related to the anatexis of their host rocks, but they may also represent minimum melts, equilibrium melts, disequilibrium melts, fractionated melts or cumulates. Comparison of the major element composition of leucosomes from different rock types with melt compositions generated by Johannes (1989) in the tonalitic system Qtz^(Ab þ Or)^An reveals that leucosomes from the study area are poorer in Qtz than tonalitic melts at 2 kbar (Fig. 15) . Lower quartz contents than in the 2 kbar experiments can be produced by higher pressures that allow plagioclase to enter the melt in a higher proportion than in the experiments. Leucosome compositions from the TTG gneisses overlap with melt compositions derived in melting experiments on tonalitic compositions under variable H 2 O activities, temperatures and pressures. All of these experiments yielded compositions displaced towards the (Ab þ Or)^An join of the triangle (Fig. 15) . The position of most granulite leucosomes is removed towards the An^Qtz join of the triangle compared with the leucosomes from the TTG gneisses. This clearly shows the influence of the more calcic mafic source rocks.
There is little difference in the trace element pattern of leucosomes from different rock types despite the variable trace element budget of the host rocks. This suggests that leucosome trace element composition results from a process that might equally take place in leucocratic partial melts from different source rocks. For instance, the overall positive Eu-and Sr anomalies in leucosomes may indicate that plagioclase fractionation was important in their petrogenesis because of the high partition coefficients of plagioclase for Sr and Eu (Blundy & Wood, 1991; Wilke & Behrens, 1999; Be¤ dard, 2006b) . Leucosomes may therefore consist of plagioclase and quartz crystallized from a percolating and finally extracted melt phase (Marchildon & Brown, 2001; Sawyer, 2001; Solar & Brown, 2001) . This is also supported by the coarse grain size and the euhedral shape of plagioclase crystals as already pointed out by Brown (2001) . Furthermore, leucosomes are richer in CaO (Fig. 16 ) but poorer in K 2 O at high SiO 2 contents than the vast majority of Archean TTG, pointing to the effect of a pronounced input of fractionated plagioclase on leucosome composition. Several parameters can influence leucosome composition if the fractional crystallization model applies:
(1) composition of the parent melt; (2) composition of the fractionating plagioclase and changing partition coefficients with changing X An ; (3) degree of fractional crystallization; (4) amount of fractionating plagioclase and other potential minerals such as quartz or K-feldspar; (5) entrapment of evolved liquids and entrainment of host rock minerals; (6) fractionation from already fractionated liquids.
To test the fractional crystallization model we determined the modal abundance of plagioclase in migmatite and granulite leucosomes by least-square regressions using appropriate plagioclase compositions. Plagioclase abundances were found to range between 40 and 60 modal% and a mean value of 50 modal% was used in modelling. X An in the leucosomes ranges between 20 and 40. We used partition coefficients (D i ) in the calculations appropriate for X An 30 after Be¤ dard (2006b). The most arguable variable in the fractional crystallization model for leucosomes is the composition of the parent melt. Two out of 32 migmatite leucosomes analyzed have a smooth REE pattern and a major and trace element composition closely resembling the Naimakangas leucodiorites as well as mesosomes from the TTG gneisses (Table 4) . Therefore the two leucosomes as well as an average Naimakangas leucodiorite and two groups of migmatite mesosomes were used as potential parent melts.
Migmatite leucosomes with the lowest REE contents probably represent the most pristine cumulates, and the degree of fractional crystallization to produce such leucosomes from a leucocratic melt with an REE content typical 
CaO wt% SiO 2 wt%
Archean TTG (Condie, 2005) leucosomes (literature) trend in TTG gneisses migmatite leucos. granulite leucos. (Condie, 2005) points to an increased proportion of CaO-rich plagioclase in the leucosomes. Literature data are for leucosomes in mafic rocks (amphibolites, granulites) from Sawyer (1991), Hansen & Stuk (1993) , Williams et al. (1995) and P. Ho « ltta« (unpublished data). The continuous line indicates the trend in TTG gneisses from the Iisalmi block.
for the TTG gneisses is $10% (Fig. 17) . HREE in the pristine leucosomes are slightly higher than could be explained by fractional crystallization of plagioclase alone. Zircon has high D HREE and its crystallization as an accessory phase raises the HREE contents of the leucosomes. Alternatively, the entrainment of zircon from the host rock can produce the same effect. Higher REE contents and less pronounced positive Eu anomalies in many other leucosomes fromTTG gneisses suggest that they formed by fractionation from an already fractionated liquid or that they contain trapped fractionated melts as suggested by Sawyer (1987) . Both processes may operate equally.
Leucosome 036^04 L2 was used as the parent melt for modelling the granulite leucosomes because of its good agreement with the 10% model melt from the partial melting model (Fig. 13c) . As observed for the leucosomes within the TTG gneisses the whole spread of leucosome REE contents in granulites can be explained only by fractionation from evolved liquids or by entrainment of residual melts and if accessory zircon accounts for the typical troughshaped pattern of the HREE.
Sr contents of leucosomes are extremely sensitive to the fractional crystallization model, as Sr will be effectively removed from the liquid as fractionation progresses. The Sr contents of the respective parent melt for each leucosome is source rock dependent (Fig. 10) and will strongly influence the Sr content in the cumulate. Sr contents are usually below 400 ppm in granulite leucosomes. About 30^50% fractional crystallization is required to account for the observed Sr contents in granulite leucosomes using an initial Sr content of 300 ppm in the parent melt and D pl Sr ¼ 6Á5 for X An 30. The formation of leucosomes by crystallization of plagioclase and quartz from a melt phase involves generation of fractionated residual liquids with negative Eu and Sr anomalies. Very few leucosomes with these geochemical characteristics have been found in the Iisalmi block. The lack of residual liquids among the sampled lithologies could be due to incomplete sampling but may also indicate efficient melt loss from the system.
C O N C L U S I O N S
We present an example of internal differentiation of Archean continental crust by coeval partial melting of middle and lower crustal lithologies. Melt-forming reactions in the lithologies of different levels of the crust strongly depend on the activity of H 2 O in the peak Compositions in italics were used for the calculations shown in Fig. 17 .
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The average Naimakangas leucodiorite was calculated using our unpublished data and data given by Paavola (2003) . . Model for formation of leucosomes by fractional crystallization of granitoid melts. The bold numbers refer to the degree of fractionation. As the parent melt for the migmatite leucosomes we used an average TTG gneiss with low HREE contents (see text). Migmatite leucosomes with low REE contents are consistent with about 10% fractionation of the parent melt forming cumulates comprising 50% Pl and 50% Qtz. Higher REE contents in migmatite leucosomes require the entrapment of some fractionated liquid or crystallization from already fractionated liquids. metamorphic fluid. Whereas lower crustal granulites represent the anhydrous residues of hydrous phase breakdown melting of amphibole, melting within middle crustal TTG gneisses and amphibolites requires the presence of a hydrous fluid to allow melting at the wet solidus.
About 10^30% tonalitic melt was produced by melting of an amphibolitic precursor leaving mafic garnet^clino-pyroxene granulites as residues. Intermediate clinopyroxene^orthopyroxene granulites record $10% of melting according to the clinopyroxene/amphibole ratio. TTG gneisses show variable degrees of migmatization. The obliteration of pre-migmatitic structures by disaggregation and the formation of schlieren migmatite indicates that melt production within the gneisses may have been as high as $25 vol. %.
Melting of the TTG gneisses yielded leucosomes that are rich in Na 2 O and have an affinity towards trondhjemite, whereas leucosomes within granulites are CaO-rich and classify as tonalites. This indicates that remelting of a Na 2 O-rich precursor under conditions that allow plagioclase taking part in the melt-forming reactions is a viable mechanism to produce trondhjemitic melts. In the present study plagioclase stability most probably was lowered because of the high activity of H 2 O in the migmatitic gneisses.
Leucosome trace element patterns with strong positive Eu anomalies reflect the importance of plagioclase in leucosome petrogenesis. These patterns can be reproduced by fractional crystallization of plagioclase, quartz and accessory zircon from a leucocratic melt including the storage of small amounts of fractionated liquid. Efficient melt extraction from migmatite and granulite terrains is suggested because of the residual character of the leucosomes and their host rocks.
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